Significant efforts have advanced our understanding of foregut-derived organ development; however, little is known about the molecular mechanisms that underlie the formation of the hepatopancreatic ductal (HPD) system. Here, we report a role for the homeodomain transcription factor Hhex in directing HPD progenitor specification in zebrafish. Loss of Hhex function results in impaired HPD system formation. We found that Hhex specifies a distinct population of HPD progenitors that gives rise to the cystic duct, common bile duct, and extra-pancreatic duct. Since hhex is not uniquely expressed in the HPD region but is also expressed in endothelial cells and the yolk syncytial layer (YSL), we tested the role of blood vessels as well as the YSL in HPD formation. We found that blood vessels are required for HPD patterning, but not for HPD progenitor specification. In addition, we found that Hhex is required in both the endoderm and the YSL for HPD development. Our results shed light on the mechanisms necessary to direct endodermal progenitors towards the HPD fate and also advance our understanding of HPD system formation.
INTRODUCTION
Cells that reside in the hepatopancreatic ductal (HPD) system have recently come under renewed interest because of their ability to differentiate into other endodermal cell lineages [1, 2] . Isolated HPD cells share the characteristics of stem cells as they can remain undifferentiated for months in culture [3] , and can also be differentiated into hepatocytes, cholangiocytes or pancreatic endocrine cells depending on culture conditions [4, 5] . In addition, under pancreatic regenerative conditions, committed endocrine progenitors have been identified in glands of the HPD system indicating that HPD cells can differentiate into endocrine cells [1, 6] . These endocrine cells aggregate and form islet-like clusters in the liver parenchyma and can express mature endocrine markers including insulin, somatostatin, pancreatic polypeptide, and glucagon. It has thus been proposed that the HPD system acts as a reservoir for multipotent cells [4] . Elucidating the mechanisms responsible for HPD specification is likely to help advance reprogramming studies and regenerative medicine therapies.
The HPD system is composed of the extrapancreatic duct (EPD), common bile duct (CBD), cystic duct (CD) and extrahepatic duct (EHD) [7, 8] . It serves to connect the liver, gallbladder, and pancreas to the intestinal tract as well as to transport fluids between these organs for the adequate function of the digestive system. The mechanisms that direct HPD fate and the formation of its different components are only partially understood, with only a few signaling molecules known to be implicated in the process [9] . Among them, Sox17 is known to play an important role in murine HPD development [10, 11] .
Sox17 segregates ductal progenitors from pancreatic progenitors in the ventral foregut thereby acting as a switch between the biliary and pancreatic fates. Misexpression of Sox17 is sufficient to induce ductal fate while loss of Sox17 leads to ectopic expression of PDX1 + cells in the liver and CBD [11] .
However, loss of Sox17 only leads to the absence of the gallbladder and CD suggesting that multiple transcription factors regulate the specification of the various components of the HPD system.
Another transcription factor that has been implicated in biliary development is Hhex [12] [13] [14] [15] . In mouse, HHEX is expressed in ductal cells of the HPD system and pancreas [14] and absence of Hhex function causes a lack of pseudostratification of the hepatic diverticulum, defects in hepatoblast migration and impaired liver development [12, 13] . In addition, specific deletion of Hhex from the hepatic diverticulum leads to defects in hepatic biliary development, absence of gallbladder formation, and irregular morphogenesis of the extrahepatic biliary tract [14] . Here, we further investigate the role of Hhex in HPD development using the zebrafish model. The zebrafish model offers many advantages for the analysis of HPD development including its ex-utero development, optical transparency, as well as the ability of embryos to survive without a functional cardiovascular or digestive system [16, 17] . We therefore generated a hhex mutant line and found that hhex mutants do not develop an HPD system.
Our results show that Hhex function is necessary for the specification of a pool of HPD progenitors and the subsequent formation of the CD, CBD, and EPD and that both cell-autonomous and cell nonautonomous functions of Hhex are necessary for HPD development. Our studies also identify a previously unreported role for the vasculature in modulating the patterning of the HPD system.
RESULTS

Generation of hhex mutants
To study the role of hhex in HPD system formation, we generated two hhex mutant alleles, s721 and s722, using transcription activator-like effector nucleases (TALENs) [18] [19] [20] . The TALEN pairs were directed towards exon 3, and both mutant alleles contain lesions in the DNA binding domain of Hhex (Fig. S1A) . The s722 allele is an in-frame deletion which removes three amino acids (R149 to A151) from the homeodomain, while the s721 allele consists of a 10 base pair insertion that leads to a premature stop codon (p.R149fs*2) and is predicted to remove 46% of the homeodomain as well as the complete C-terminal domain of Hhex (Fig. S1B) . Homozygous carriers of either mutant allele do not survive beyond the larval stage and die starting at 8 days post fertilization (dpf).
We first investigated the liver and pancreas in hhex s721 mutants, hereafter abbreviated as hhex -/-mutants, as defects in both of these organs have previously been reported in mouse, Xenopus, and zebrafish [12, 14, [21] [22] [23] [24] [25] . Similar to the results reported before for loss of HHEX function in mouse, hhex mutants display impaired liver growth and lack of the exocrine pancreas [12, 25] (Fig. 1A-B) . In addition, whole-mount in situ hybridizations for ptf1a expression to mark the exocrine pancreas confirmed a complete absence of this tissue in hhex mutants (Fig. 1C) .
These endodermal phenotypes are present in both alleles (data not shown) and show full penetrance and expressivity.
It has recently been reported that Hhex is necessary to maintain the differentiated state of δ-cells (i.e., Somatostatin (Sst) producing cells) in mouse [22] . Hhex-deficient islets contained fewer Sst + cells and decreased Sst secretion. In addition, deletion of Hhex specifically within endocrine progenitors led to a complete loss of δ-cells in embryonic and postnatal mouse islets [22] . In order to check whether this function of Hhex was conserved in zebrafish, we analyzed incrosses of Tg(sst:RFP); hhex +/-larvae at 80 hpf ( Fig. S2A-B) . We found that Hhex-deficient larvae had fewer sst:RFP + cells (21± 3.6 in control n=12 embryos total, composed of wild-type n=4 and hhex +/-n=8, compared to 14± 3.9 in hhex mutants, n=10 embryos; p=0.000174) and that these cells exhibited a dimmer RFP signal than wild-type cells.
We also performed Sst immunostaining in 80 hpf larvae from hhex +/-incrosses and observed significantly fewer Sst + cells (21± 1.8 in control siblings n=5 compared to 1.8 ± 0.85 in hhex mutants, n=4; p=5E-05) ( Fig. S2C-D embryos; p=1.68E-07) (Fig. S2B) . Our results show that Hhex is necessary to maintain fully differentiated δ-cells in zebrafish.
hhex is expressed in the HPD system and regulates its morphogenesis
To study the role of hhex in the ontogeny of the HPD system, we first analyzed the spatiotemporal pattern of hhex expression in the HPD and surrounding tissues. Whole-mount in situ hybridization revealed that before 32 hours post-fertilization (hpf), hhex is strongly expressed in blood endothelial cells. Its expression in the endoderm starts at around 20 hpf when the first hhex + cells appear at the midline populating the nascent dorsal pancreatic area. By 24 hpf, hhex + cells are also found slightly anterior to the dorsal pancreas in the liver region, and by 32 hpf hhex is expressed in the HPD progenitors ( Fig. 2A, red arrow) . Notably at this stage, hhex expression in blood endothelial cells becomes significantly reduced, while expression in the endoderm strongly increases. By 50 hpf, hhex expression expands towards the HPD primordium ( Fig. 2A , blue arrow) and by 72 hpf hhex is expressed in all components of the HPD system: the EHD, CD, CBD, and EPD, as well as in the gallbladder, major intrahepatic ducts (IHD), and some cells of the principal islet ( Fig. 2A) .
To follow in detail the development of the HPD system, we examined the morphology of the endoderm by analyzing Tg(sox17:GFP) expression in the progeny of incrosses of Tg(sox17:GFP); hhex +/-fish.
The Tg(sox17:GFP) line labels endodermal cells during the time of early endoderm formation [26, 27] until about 48 hpf when the GFP signal starts to decrease. Therefore, we assessed the morphology of the HPD system at later stages by staining with the 2F11 antibody, which labels the ductal cells [8, 28, 29] . Our confocal analysis provided details of the morphological events that shape the HPD system. At 30 hpf, the liver and dorsal pancreas have budded out (Fig. 2B) , and by 36 hpf the HPD system starts to form (Fig. 2C) . Based on their physical location, we can distinguish three populations of cells that will contribute to the formation of the HPD primordium: one located just caudal to the liver (white arrowhead), another one that extends with the anterior pancreatic bud (orange arrowhead), and the third population which is located within the dorsal pancreatic area (blue arrowhead) (Fig. 2C) . The HPD primordium appears to form in an anterior to posterior fashion, as ductal cells located caudal to the liver start to organize into a tube (Fig. 2D, green (Fig. 2E) . During the formation of the HPD primordium, the liver distinctly disassociates from the gut tube and projects ventrally. By 80 hpf, the HPD primordium remodels, and all the constituents of the HPD system become clearly identifiable (Fig. 2F) .
Our analysis revealed that hhex mutants do not develop an HPD system (Fig. 2B'-G) . At 30hpf the liver and dorsal pancreas budded out in hhex mutants as in wild-type siblings, albeit their foregut appears thinner (Fig. 2B') . However, by 36 hpf, it became apparent that hhex mutants lack a large majority of the cells that give rise to the HPD system (Fig. 2C' ). There are a few remnant cells, extending either from the liver area or the dorsal pancreatic area, that appear to try to form the HPD system ( Fig. 2C' , blue arrowhead). However, these cells progressively fail to assemble into an HPD primordium ( Fig. 2D'-F') . In vivo time-lapse confocal imaging of Tg(gut:GFP) wild-type and hhex mutant embryos show the dynamics of this process (movie 1 and movie 2).
To determine which specific components of the HPD system are dependent on Hhex function, we performed 2F11 immunostaining on 80 hpf larvae from hhex +/-incrosses. Our analysis revealed that hhex mutants lack the gallbladder, CD, CBD, and EPD ( Fig. 2F') . Nevertheless, a primitive EHD appears to form ( Fig. 2E ' and 2F') suggesting that the population of cells located caudal to the liver remained in hhex mutants and was able to organize into an EHD. The primitive EHD found in hhex mutants was positive for 2F11 as well as for Prox1a, a liver marker that also marks the developing HPD system [8, 28, 30] , as detected with the Tg(prox1a:RFP) zebrafish line ( Fig. S3) . In wild-type fish at 44 hpf, prox1a:RFP + cells are clearly distinguishable in the liver, dorsal pancreas and HPD primordium (Fig. S3A) . In hhex mutants, prox1a:RFP + cells can be found in the liver, dorsal pancreas, ectopically in gut cells (Fig. S3B , blue arrow), and in cells located where the EHD usually forms (Fig. S3B , white arrow). Given that 2F11 + cells are also found in this location ( Fig. 2E') , we hypothesize that these cells are of ductal nature and give rise to the EHD. At later stages, an EHD protruding from the gut becomes evident in hhex mutants (Fig. 2F') . However, in contrast to wild-type siblings, the EHD fails to extend to the dorsal pancreas or connect with the rest of the HPD system, and instead it directly attaches to the gut tube ( Fig. 2E-G) .
Interestingly, the dorsal pancreas of hhex mutants retained high levels of 2F11 expression even after 50 hpf (Fig. 2E-F', S4 ). 2F11 staining in the dorsal pancreas is known to decrease after the fusion of the dorsal and ventral pancreas [28] . However, 2F11 + cells can be observed inside the principal islet of 5 dpf hhex -/-, while in hhex +/+ , 2F11 + cells are located outside the principal islet where they organize to form the ductal network ( Fig. S4A-B ). In addition, some hhex mutants display amorphous duct-like protrusions from their principal islet ( Fig. S4C-D) . Our results suggest that hhex mutants retain ductal cells in the dorsal pancreas. It is not clear, whether this population will contribute to the EPD or the development of the IPDs under normal developmental conditions. Based on these results, we suggest that the HPD system is comprised of two different progenitor populations: one that is Hhex-dependent and is necessary for the development of most of the HPD constituents (the CD, CBD, and EPD), and a second one that is Hhex-independent and gives rise to the EHD.
hhex regulates the specification of HPD progenitors
Since most of the components of the HPD system appear to be absent in hhex mutants, we investigated the specification of HPD progenitors. We performed whole-mount in situ hybridization for prox1a and sox9b expression on 36 hpf larvae from hhex +/-incrosses. These two genes have been previously reported to mark pancreatobiliary cells [7, 28, 31] . In hhex mutants, prox1a expression remained high in the dorsal pancreas and neural tube, but it was significantly decreased in the forming liver, prospective ventral pancreas, and HPD region ( (Fig. 3C-D') . We quantified the number of TUNEL + cells and observed no significant difference between control siblings and hhex mutants (1.1± 0.3 in control n=26
embryos total, composed of wild-type n=6 and hhex +/-n=20 compared to 1.6± 0.6 in hhex mutants, n=7; p=0.55) (Fig. 3E) indicating that an increase in cell death was not responsible for the loss of HPD progenitors in hhex mutants.
The vasculature is necessary for the patterning of the HPD system, but not for HPD progenitor specification
The dorsal pancreas and liver are specified as early as the ten somite stage [32] , while the ventral pancreas is specified between 20 and 24 hpf [33] with the appearance of exocrine marker expression between 29 and 32 hpf [31] . However, the precise developmental window when HPD progenitors are specified remains unknown. Interestingly, hhex expression starts in the endoderm around 18-20 hpf, when the first hhex + cells appear at the midline and populate the nascent principal islet [34] (Fig. 2A) .
Before that time, hhex is strongly expressed in blood endothelial cells during segmentation stages, and in the YSL during gastrulation [35] . Therefore, we questioned whether Hhex regulates HPD progenitor specification cell non-autonomously from any of these tissues.
We first analyzed the contribution of endothelial cells on HPD progenitor specification by assessing the development of the HPD system in cloche mutants that lack most endothelial and hematopoietic cells [36, 37] . We reasoned that if Hhex was acting cell non-autonomously from the vasculature, cloche mutants should also lack the HPD system. We performed 2F11 immunostaining on Tg(sox17:GFP); clo s5/+ incrosses and analyzed mutant larvae at 80 hpf. Our results show that although cloche mutants developed an HPD system (Fig. 4) , it is severely dysmorphic and lacks structural distinction between the CBD and the EPD (Fig. 4B-C) . The EHD is frequently reduced in size and in 43% of the cases the gallbladder is barely distinguishable (Fig. 4C-C'' ). In 57% of cloche mutants, there is an increase in the number of ductal cells located in the pancreas. These cells are distributed ectopically around the dorsal pancreas, most commonly locating anterior to the principal islet, where they form amorphous globular structures that disrupt the normal extension of the EPD towards the liver and can block the proper migration of endocrine cells to the principal islet ( Fig. 4B-B' ', data not shown). Our results indicate that blood vessels regulate the patterning of the HPD system and potentially limit its boundaries, but they do not regulate HPD specification.
Signals from the YSL and endoderm regulate the growth of the HPD
hhex is highly expressed in the YSL from pre-gastrula stages until the end of gastrulation [35] . The YSL is an important signaling center that has previously been postulated to have a role patterning the anterior pancreatic bud in zebrafish [38] . Therefore, we performed YSL knockdown experiments by injecting hhex morpholino [25] at the 1000-cell stage in the YSL (Fig. 5A-B Fig. 5C-D) . After hhex mRNA injection, bulges of cells were commonly observed caudal to the liver in hhex mutants (Fig. 5D, blue arrow) ; and frequently we observed an increase of HPD cells around the principal islet (Fig. 5D, white arrow) . However, none of the injected hhex mutants displayed cells that were incorporated into a fully formed HPD primordium. Our results indicate that reconstituting the function of Hhex in the YSL is not sufficient to direct HPD development and therefore suggest that the function of Hhex in the endoderm is necessary for HPD development.
To test the effect of restoring hhex function specifically within the endoderm, we performed cell transplantation experiments. We co-injected wild-type donor cells with sox32 mRNA, to target them to the endodermal fate [39, 40] , and with H2B-mcherry mRNA to label the transplanted cells. We transplanted cells into host embryos derived from Tg(sox17:GFP); hhex +/-incrosses and assessed the incorporation of wild-type cells into the HPD primordium at 50 hpf. Analysis revealed that in wild-type siblings, wild-type donor cells incorporated into the HPD system in 71% of the cases (Fig. 5E-E'') . In hhex mutants, wild-type donor cells incorporated into the HPD system in 40% of the cases. Strikingly, even though most of the HPD system was absent in mutant hosts, wild-type donor cells were able to position themselves in a diagonal pattern resembling that of the HPD primordium ( Fig. 5F-F'' ). In one case, wild-type donor cells organized into a full HPD primordium ( Fig. 5G-G'' ), altogether indicating that the endodermal function of Hhex is necessary and sufficient to promote HPD development in a cellautonomous manner.
DISCUSSION
Our studies have highlighted a previously unappreciated role for Hhex for instructing multipotent cells of the foregut endoderm into the HPD fate. Here, we show that zebrafish hhex mutants are characterized by a complete absence of the HPD primordium and lack further development of the HPD system.
While, the CD, CBD, and EPD were unidentifiable in hhex mutants, a primitive EHD was still formed.
Analysis of sox9b + HPD progenitors showed a complete absence of this cell population in the hepatopancreatic area indicating a role for Hhex in regulating HPD progenitor specification. We propose that the HPD system arises from two populations: one that is responsive to Hhex and necessary for the development of the CD, CBD and EPD and a second population that is Hhexindependent. The contribution of both populations is required for the assembly and development of the mature HPD system.
Role of the YSL and endoderm in HPD development
During the morphogenesis of the foregut-derived organs in zebrafish, the ventral anterior pancreatic bud fuses with the posterior pancreatic bud by 44 hpf. Cells derived from the anterior bud are known to contribute to the formation of the pancreatic duct, the exocrine tail [41] and probably other ductal components of the HPD system. Before the anterior bud is apparent, the region of the gut endoderm that will give rise to it is located adjacent to the extra-embryonic YSL. Therefore, it has been postulated that the YSL acts as a source of signals for gut endoderm development. Here, we provided evidence of the role of YSL in regulating the growth of the HPD system through the actions of Hhex. Knockdown of hhex in the YSL leads to impaired HPD system formation. However, overexpression of hhex only partially rescued the hhex mutant phenotype, indicating that cell non-autonomous function of Hhex in the YSL is not essential for HPD primordium formation, but it is most likely acting to support the growth of the early foregut.
Our studies show that expression of hhex in the zebrafish endoderm can fully rescue the formation of the HPD primordium indicating an essential role for Hhex in the development of the HPD system.
Interestingly, in mammals, the specific endodermal deletion of Hhex was reported to lead to the absence of the gallbladder and an abnormal EHD in mammals, with cells of the EHD mostly converting to duodenum-like epithelium [14] . In zebrafish, we observed that the intestinal and ductal boundaries are also disrupted in hhex mutants, as intestinal cells appear to express the ductal marker 2F11. The difference in overall HPD system phenotypes between zebrafish and mice may be attributed to differences in species, but alternatively, a disruption of combinatorial function of the extra-embryonic tissue and endoderm might be required for the severity of the phenotype. In mouse, Hhex is also expressed in the visceral endoderm in addition to the endoderm raising the question of whether the extra-embryonic function of HHEX might also regulate HPD development in mice. Hhex null mice display early embryonic lethality starting from E10.5 [24] . Since the HPD system becomes morphologically distinguishable only after E11.5, the role of HHEX in HPD progenitor specification and development could not be determined. Our data implicates a role for Hhex in the YSL, indicating that signals from both cell non-autonomously from the YSL and cell-autonomous from the endoderm itself contribute to correct specification and formation of the HPD system.
Role of blood vessels in HPD development
The dynamic cross-talk between the endoderm and endothelial cells orchestrates organ development [42] . For example, paracrine signals from the endothelium are essential for early pancreas differentiation and development [43] and at later stages blood vessels have been reported to negatively regulate pancreatic growth [44] . Our data indicate that signals from the endothelium are not required for HPD progenitor specification; however, we found that they are necessary to pattern the HPD system. Lack of blood vessels produces severely dysmorphic HPD systems with morphologically indistinguishable components that often have an underdeveloped gallbladder. In addition, we found that 30% of cloche mutants display ectopic ductal structures in the pancreatic region. Our results suggest that blood vessel-derived signals also negatively regulate the expansion of HPD cells, and hence play a role in establishing HPD system fate boundaries.
The signaling mechanisms by which blood vessels achieve the patterning of the HPD system still need to be determined. Recently, it has been shown that the posterior cardinal vein (PCV) dictates the morphological positioning of the kidney head through the Vegfc/Flt4 pathway [45] and the Vegfc pathway has previously been implicated in dorsal endoderm development and the positioning of the anterior endoderm to the midline [46] . Therefore, the involvement of the Vegfc/Flt-4 signaling in the patterning of the HPD system stands as attractive candidate pathway. Future experiments will help determine the endothelium-derived signaling cues that regulate HPD patterning and morphogenesis.
Our data suggest that Hhex signals from the YSL help support the growth of the HPD system, while
Hhex function from the endoderm is essential for the development of the HPD primordium. Based on our data, we thus propose that the HPD develops from two distinct populations of progenitor cells, one that is independent from Hhex function and gives rise to the EHD and likely ductal cells of the pancreas and a second population of progenitors that is dependent on Hhex function and is required for the development of the majority of the components of the HPD system. Finally, our studies also shed light on the important role of blood vessels in HPD patterning and potentially in negatively regulating HPD fate. 
MATERIALS AND METHODS
Zebrafish mutant and transgenic lines
Immunostaining and Imaging
Embryos were fixed with 4% PFA in Fix Buffer (4% sucrose, 0.15mMCaCl 2 , 0.1M PO 4 pH7.3) in PBS overnight at 4°C. Immunostaining of whole-mount embryos was performed as previously described [7] .
In brief, embryos were deyolked, deskinned, permeabilized with 0.1% Triton for 2hrs, blocked in protein block serum free solution (DAKO) for 4hrs, and incubated overnight with the primary Ab mixture. The concentration for primary antibodies used was as follows: chicken anti-GFP (1:400; Aves), and mouse anti-2F11 (1:50, ABCAM). Secondary antibodies were from Invitrogen and used at a 1:300 concentration. Embryos were washed and incubated with secondary antibody overnight at 4°C.
Embryos were then washed and briefly incubated with nuclear stain (DAPI or TOPRO-3). Larvae were mounted on slides and covered with VECTASHIELD antifade mounting medium (vector labs).
Alternatively, embryos were mounted in 1% agarose. Samples were imaged using a Zeiss LSM880 with a W Plan Apochromat 20X/NA 0.8DIC.
Microinjection of morpholinos and Rescue Experiments
For specific knockdown of hhex in the YSL: 2.4 ng of hhex ATG morpholino GCGCGTGCGGGTGCTGGAATTGCAT [47] and control morpholino CCTCTTACCTCAGTTACAATTTATA from from GeneTools (Philomath, OR) was injected in the YSL at 1000-cell stage in Tg(sox17:GFP) embryos while for rescue experiments 1000-cell stage embryos from Tg(sox17:GFP); hhex +/-incrosses were injected in the YSL with 200pg of full-length hhex mRNA.
Larvae were then collected at 50 hpf, stained for GFP, and genotyped by HRMA. Images were captured using a Zeiss LSM880 confocal microscope.
Transplantations
Donor 1-cell stage AB embryos were co-injected with 150pg of sox32 mRNA and with 50pg of H2B-mcherry mRNA. Host embryos were collected from Tg(sox17:GFP); hhex +/-heterozygous incrosses and 20-50 cells from donors were transplanted in host embryos at mid-blastula stages along the blastoderm margin. Embryos were grown at 28 °C and then they were collected at 50 hpf, stained for GFP and 2F11, and genotyped by HRMA. The contribution of mcherry + cells to the HPD system was determined by confocal microscopy using Zeiss LSM880 confocal microscope.
TUNEL Assay
Larvae from Tg(sox17:GFP); hhex -/-heterozygous incrosses were fixed in 4%PFA in Fix Buffer Statistical analyses were performed using unpaired t-test. Embryos were imaged using a Zeiss LSM880 confocal microscope and were collected and genotyped after imaging. Apoptotic cells were quantified using Image J.
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